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An Overview of the 1995 SWARM Shallow-Water
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James F. Lynch,Member, IEEE,Arthur Newhall, Marshall H. Orr, Bruce H. Pasewark,
Dirk Tielbuerger, Altan Turgut, Keith von der Heydt, and Stephen Wolf
Abstract— An overview is given of the July–August 1995
SWARM shallow-water internal wave acoustic scattering
experiment. This experiment studied both acoustic propagation
through and scattering by the linear and nonlinear internal
waves found on the Mid-Atlantic Bight continental shelf, as
well as the physical oceanography of the internal wavefield. In
order that our goal of explaining the nature of the acoustic
scattering should not be hindered by incomplete environmental
knowledge, numerous instruments, both ship-deployed and
moored, measured the acoustics, geophysics, and oceanography.
In this paper, we show some of the results from the first
year’s analysis of the environmental and acoustic data. The
environmental measurements, which are a key input to the
analyses of the acoustic data, are given slightly more emphasis at
this point in time. Some of the more interesting oceanographic,
geophysical, and acoustical results we present here are: evidence
for the dominance of the lee-wave mechanism for soliton
production, evidence for the “solibore internal tide,” the
“dnoidal wave” description of solitons, the inversion of chirp
sonar data for bottom properties, propagation loss extraction
from air-gun data, and the intensity and travel-time fluctuations
seen in propagating acoustic normal modes. Directions for
future research are outlined.
Index Terms— Acoustic scattering, internal waves, shallow
water.
I. INTRODUCTION
I N THE summer of 1995, a large-scale shallow-wateracoustics transmission experiment dubbed “SWARM” (for
shallow-water acoustics in a random medium) was performed
in the Mid-Atlantic Bight (MAB) continental shelf region off
the coast of New Jersey (Fig. 1). The primary objective of
this experiment was to quantify the interaction of the acoustic
field in the 10–1000-Hz band with linear and nonlinear
internal waves in a shallow-water waveguide. In order to
accomplish this objective, high-quality physical oceanographic
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data and bottom geoacoustic data were collected, in addition
to the acoustic transmission data. The physical oceanographic
data gathered during the experiment were of high enough
quality to support studies of the generation and propagation
of internal waves on the shelf, in addition to supporting
the acoustics. The bottom measurements made during the
experiment with chirp sonar, air guns, and towed projector
sources are being augmented by data from the co-located
STRATAFORM experiment [1], a large Office of Naval
Research (ONR)-supported initiative aimed at understanding
the formation and structure of geological strata on continental
shelves. Having constrained the oceanographic and bottom
geophysical properties as well as possible, we can then hope
to unambiguously understand the large acoustic fluctuations
we saw, as will be described below.
We should stress that this paper is simply presenting an
overview of the SWARM experiment, along with some of the
more interesting preliminary results. SWARM was a large-
scale effort with many experimental components, each of
which produced a large amount of valuable data. All of
these components will be the subject of detailed analysis in
the future. The purpose of this paper is to show how those
components are integrated, to give the reader a feel for where
the different component studies might lead, and to present a
few of our “first fruit” results.
A. Acoustical Background
The impact of internal waves upon acoustic transmissions in
deep water has long been known and is now reasonably well
understood. The well-known monograph “Sound Propagation
Through a Fluctuating Ocean” appeared in 1979 [2], and much
additional deep-water work has been done since then. The
shallow-water internal wave/acoustics interaction problem has
received rather less attention, both due to its previous lack of
priority in Navy anti-submarine warfare (ASW) efforts and
due to its greater difficulty. In shallow water, the internal
wave/acoustic interaction problem is complicated by bottom
interaction, the lack of a well-understood “universal internal
wave spectrum” such as the Garrett–Munk (GM) spectrum for
deep water [3], complicated range-dependent coastal oceanog-
raphy, and the need for acoustic arrays (usually vertical)
to resolve the modal structure. Despite the difficulty of the
shallow-water problem, substantial progresshas been made,
though. We will briefly review some of the previous efforts
in this area.
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Fig. 1. Plan view of the 1995 SWARM experiment, showing locations of moored instruments along the across-shelf track as well as the SW along-
shelf track studied.
One of the first major experimental and theoretical efforts
was that of Essenet al. [4]. Using a single CW source
transmitting to a single hydrophone, they measured “total
field” fluctuations due to internal waves in the North Sea.
These were theoretically modeled using a modal wavenumber
perturbation approach, which reasonably reproduced the major
features of the data. However, the lack of individual mode
resolution that a vertical array would have afforded made the
results a bit less clear than they could have been. The Yellow
Sea experiment by Zhouet al. [5] was another major effort to
examine the scattering of acoustic energy by internal waves.
Using shot sources and single-hydrophone receivers, Zhou
noticed large frequency and azimuth-dependent propagation
losses. Ascribing these to solitary internal waves (solitons),
Zhou and his coworkers developed a theory of “resonant
scattering” of sound by soliton trains which described the
salient features of the data. Zhou’s paper has perhaps been
the seminal one on this topic to date. However, there are
some shortcomings in that work which should be noted. First,
the oceanographic measurements made during the experiment
were rather sparse, and although it is evident that internal
waves were being seen, it is not clear that they were in-
deed solitary waves. Also, the model of the soliton field
used in that work was rather unrealistic. Recent work by
Zhou and his colleagues [6], [7] has updated this original
work.
Fluctuations in the pressure field across horizontal arrays
due to acoustic scattering by internal waves were measured
most simultaneously by a U.S. group led by Rubenstein
and Brill [8] and by a Russian group led by Shmelerv and
Kravtsov [9], [10]. The Russian group also presented some
detailed theoretical calculations showing the plausibility of
the observed fluctuations, though again the environmental
oceanographic measurements were rather sparse.
In the 1992 Barents Sea Polar Front experiment, Lynchet
al. observed acoustic travel-time fluctuations due to shallow-
water internal waves, using a 224-Hz tomographic source
transmitting to a vertical line receiving array [11]. Using
adiabatic mode theory and a perturbation approach, they
were able to describe the internal-wave-induced travel-time
fluctuations seen in the data. However, due to the frontal
ffects and poorer multipath resolution than was desired, these
data were not of the highest quality. In a companion paper
to Lynch et al., Traykovski [12] showed why ray travel-time
fluctuations due to internal wave scattering should be smaller
than normal mode fluctuations, using the ray-mode picture
duality described by Tindle [13]. The adiabatic mode results of
Lynch et al.and Traykovski have recently been improved upon
by Colosi and Flatt´e, who have theoretically shown that there
should be significant mode-coupling effects in the scattering
of low-frequency sound by internal waves in the context of
long-range transmissions [14].
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Many of the more recent efforts which are just appearing
in the journal literature and have been reported (at the date
of writing this paper) in technical society meetings should
be noted, as complement and overlap our work. Creamer has
produced a theoretical derivation that indicates that the modal
scintillation index should increase exponentially with range,
rather than saturate [15]. This result, which arises physically
from the interplay of mode coupling and mode stripping in a
shallow-water waveguide, was one of the primary reasons for
our performance of the SWARM experiment. Tang and Tappert
[16] have been using parabolic equation field calculations
(which can be broken into modal field components if desired)
to study the simultaneous effects of GM internal waves and
bottom scattering on shallow-water pulse propagation, clearly
showing the randomizing effects the internal waves have on
acoustic travel-time arrival structures. Preisig and Duda [17]
have been investigating the scattering of sound by individual
solitons, showing that there is a clear soliton width dependence
to the strength of mode coupling. Tielbuergert al. have
been examining the effects that soliton trains embedded in
a linear GM “background” have upon acoustic propagation,
which should be a good model for the SWARM experiment
[18].
The general impression we have come away with in re-
viewing the literature is that there is now ample indication
of the importance of internal waves as sound scatterers in
shallow water, and at least a rudimentary understanding of the
scattering mechanisms. But, as is often the case in acoustical
oceanography, the theory is far in advance of the experiment,
and more and higher quality data are needed if the theory
is to be confirmed and make further advances. Our SWARM
experiment was one step in that direction.
B. Physical Oceanographic Background
Ocean acousticians and oceanographers are quite familiar
with the deep ocean internal wave field, most frequently
characterized by the linear wave GM spectrum [3]. However,
shallow water is an entirely different entity. Oceanographi-
cally, shallow water can show significant energy in both linear
and nonlinear internal waves. Moreover, linear internal waves
in shallow water are not necessarily characterized by the sim-
ple GM spectrum, as some of the basic assumptions of the GM
spectrum are violated (isotropy, especially in the distribution
of sources and sinks, is the major one). Experimental physical
oceanography studies have mainly looked at lower frequency
processes on the continental shelf, so that information about
the high-frequency spectrum of shelf internal waves is not
readily available from the coastal oceanography literature.
Information on the directional spectrum of internal wavesis
in some instances available in the internal tide band, but not
at higher frequencies. It is obvious that more experimental
observations of high-frequency internal waves are needed on
the shelf, as well as a new model to modify or replace the
GM model for shallow-water work. The nonlinear part of the
internal wave field, i.e., the soliton field, is much better known
on the shelf, as these waves are readily observed by aircraft
and satellite synthetic aperture radar (SAR). There is extensive
literature on shelf solitons, and those interested in an overview
of these waves are referred to the report by Apelet al. [19].
However,in situ observations of the soliton field are somewhat
scarcer than satellite observations, and our SWARM data set
contains some observations of the soliton field that are perhaps
unique.
We should mention in closing that having very high-quality
physical oceanographic and acoustic data taken simultaneously
is one of the major accomplishments of our SWARM ex-
periment. With such a combination, the acoustic results can
hopefully be fully explained and not just conjectured away
by invoking plausible oceanography. We were equally careful
about obtaining subbottom data and other pertinent environ-
mental data for the same reason. These will be described in
subsequent sections of this paper.
II. DESCRIPTION OFEXPERIMENT
SWARM was a large, multi-institution, multi-investigator
project. Investigators from the Naval Research Laboratory
(NRL), Woods Hole Oceanographic Institution (WHOI), the
University of Delware, and the Applied Physics Laboratory of
Johns Hopkins University (APL/JHU) participated directly in
the cruise. Investigators from the Naval Postgraduate School
(NPS), University of Rhode Island (URI), Scripps Institute of
Oceanography (SIO), University of Miami, and Northeastern
University contributed equipment and/or participated in the
analysis. Three research vessels worked at the experimental
site during the July 20–August 12, 1995, duration of the
cruise: R/V Oceanus, R/V Endeavor, and R/V Cape Hatteras.
During the experiment, 25 oceanographic/acoustic moorings
were deployed and recovered successfully. In addition, ERS-
1 satellite SAR images were used to obtain the surface
signatures of the solitons. This comprehensive data set will
be described by breaking our discussion into two categories:
1) acoustic propagation and scattering and 2) environmental
measurements.
A. Acoustical Scattering/Propagation Observations
(Low Frequency)
In the SWARM experiment, we deployed a combination
of moored and ship-towed acoustic instrumentation, as shown
in Fig. 1. The fixed acoustic range (moored sources and
receivers) consisted of three sources moored at a common site
in 50 m of water and three vertical receiving arrays arranged on
a line directly seaward of the sources at distances of 23, 33, and
45 km from the source site. The exact latitudes and longitudes
f these instruments, along with the others deployed, are listed
in Table I. In addition to the moored acoustic systems, both the
R/V Endeavor and R/V Cape Hatteras towed J-15-3 acoustic
sources, and the R/V Cape Hatteras towed an air gun along
various tracks of interest. These sources gave us a diversity of
acoustic signals, as will be described.
The moored sources consisted of: 1) a 224-Hz Webb Re-
search Corporation organ pipe tomography source; 2) a 400-Hz
Webb Research Corporation organ pipe tomography source;
and 3) a 300-Hz linear frequency modulation (LFM) source.
The LFM source failed immediately after deployment, so
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TABLE I
POSITIONS OFMAJOR MOORINGSDURING THE SWARM EXPERIMENT
it will not be discussed further here. The 224- and 400-
Hz sources worked quite well from the time they were
deployed on July 21 until they were recovered on August
10. The 224-Hz source was moored in a water depth of
54.5 m, with the source 1.5 m above bottom. It had a
bandwidth of 16 Hz and a nominal source level of 181 dB
re 1 Pa at 1 m. It repeatedly transmitted a 63-digit phase-
encoded sequence ( 63 digits 0.0625 s/digit 3.9375
s) 31 times for a total of 122 s, after which it shut off
for the next 2 min and 58 s. The cycle described above
was repeated continuously over the two-week experimental
period. This “two minutes on, three minutes off” pattern
enabled us to look at internal wave processes with periods
of 6 min and longer (twice the gap in the transmissions) and
at processes with periods between 7.8 and 61 s (using the
sampling done by individual sequences with each 122-s trans-
mission.) The source was located in position (“navigated”)
to nominally within 1–2 m using a long baseline acoustic
transponder system, which consisted of an interrogator on
the source mooring communicating with three high-frequency
( 10-kHz range) Benthos transponders. Also, a Siemens tem-
perature sensor, which measuredonce a minute, was placed
near each source to help estimate mode excitation at the
sources.
The 400-Hz source was moored in a water depth of 54 m, 25
m above the bottom, 800 m to the SE of the 224-Hz mooring.
It had a bandwidth of 100 Hz and a source level of 181 dB re
1 Pa at 1 m. It repeatedly transmitted a 511-digit sequence
( 511 digits 0.01 s/digit 5.11 s) 23 times, for a total
of 117.5 s, after which it shut off for 4 min and 2.5 s. This
enabled us to acoustically sample internal wave processes of
periods of 8 min and longer, and faster processes of between
10–59-s period. The 400-Hz source was also navigated to a
nominal 1–2-m accuracy and carried a Siemens temperature
sensor near the source.
The vertical line array (VLA) receivers were positioned so
as to look at the acoustic field and its fluctuations versus range
from the sources. An NRaD/WHOI 16-element internally
recording VLA was placed at 23 km from the sources, but
unfortunately failed due to an O-ring leak. (Autonomously
recording thermistors placed on this mooring did function,
giving us some useful environmental information.)
Next in the shelfward line of VLA’s was the WHOI
telemetered VLA, which was deployed at33 km from the
sources in 70.5 m of water [see Fig. 2(a)]. This array spanned
the water column from 14.9 m to 67.5 m with a
hydrophone spacing of 3.5 m. The received band was generally
25–500 Hz, though this could be adjusted in real time by
the operator. The array had both internal recording and high-
speed local area network (LAN) data and control telemetry
capabilities, making it quite flexible for data acquisition. The
array also had five temperature sensors attached to it (at
12.5, 22.5, 30.5, 50.5, and 60.5 m) recording temperature
at 30-s internals. These data were used to filter the normal-
mode arrivals at the array more effectively. The array was
also navigated with a long baseline acoustic system, which
measured the excursion of the array at four points along its
length (at 14.9, 35.9, 53.4, and 67.4 m). The WHOI
telemetered VLA was deployed twice during the SWARM
xperiment, with the second deployment being the only one of
extended duration and scientific interest. (The first deployment
lasted only 4 h, as a fishing boat quickly fouled our array and
then cut the cable and surface buoy loose with a fire ax. Such
are the joys of real-world coastal oceanography!) The timeline
over which the array(s) worked, as well as the temperature
sensors, is shown in Fig. 3.
A 32-element NRL radio-telemetered array was deployed
at 42 km from the sources in 88 m of water [see Fig. 2(a)].
This array spanned the water column from 21 m to 85
m, with a hydrophone spacing of 2 m. Its working bandwidth
was from 1 to 1000 Hz. The NRL array was navigated with a
long baseline acoustic system at on point on the array, at
18.3 m. The array had five autonomous temperature sensors
attached to it at depths of 19.8, 39.6, 51.5, 63.5, and 75.5
m. The array, like the WHOI array, transferred data via radio
telemetry, thus allowing very high data rates. The NRL array
was also deployed twice, due to the telemetry antenna breaking
loose (due to cable chafing) on the first deployment. The time
line over which this array worked is also shown in Fig. 3.
Two J-15-3 towed acoustic sources were deployed during
experiment. These sent CW tones for both “Hankel trans-
form inverse” bottom property studies and shelf propagation
studies, including transmissions: 1) out of the plane of the
moored source/receiver line and 2) across the shelf break front.
Some LFM sweeps over the band of 50–600 Hz were also
transmitted. These sources were generally placed just below
the surface mixed layer, producing a peak pressure level of
160 dB re 1 Pa @1 m.
A 20-cubic-in Bolt air gun was deployed from the R/V Cape
Hatteras to generate broad-band acoustic pulses. These pulses
were centered at 75 Hz, with usable bandwidth from 50 to 1000
Hz. The source level of the air gun was 210 dB re 1Pa @1
m. Its repeatability was checkedin situ by a source-monitoring
hydrophone for each pulse. An automatic triggering system
enabled differental Global Positioning System (DGPS) time
and position to be recorded for each shot. The main purpose
of the air gun experiments was to measure the anisotropy in
propagation induced by the coastal internal wave field.
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(a)
(b)
Fig. 2. (a) Acoustic instrumentation and (b) oceanographic/environmental instrumentation deployed during the SWARM experiment.
B. Physical Oceanography and Bottom Geophysics
Instrumentation
In order to correlate the acoustic field variations measured
to environmental variations, we had to gather a large amount
of physical oceanographic and bottom geophysical informa-
tion, as previously mentioned. We now describe the sensors
deployed to accomplish this task. (At the risk of triviality, we
note that these measurements are also being closely examined
for their physical oceanographic and geological/geophysical
science content.)
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Fig. 3. Timelines for data acquisition for the major measurement systems deployed during the SWARM experiment.
Fig. 2(b) shows an overview of the environmental mea-
surement sensors deployed in SWARM. Perhaps the most
important assets for the environmental measurements were
the two ships which occupied the site for the full duration
of the experiment, the R/V Oceanus and the R/V Endeavor,
which were platforms for numerous sensors. The R/V Oceanus
acted primarily as a receiver for the telemetered acoustics
data from the WHOI and NRL VLA’s, as well as receiv-
ing telemetry from the 32-channel NRL thermistor chain.
The scientific party aboard it also did numerous conduc-
tivity–temperature–depth (CTD) “yoyo” anchor stations and
continuously took acoustic Doppler current profiler (ADCP)
data for vertical current profiles. The R/V Endeavor acted
more as the “environmental workhorse,” as it was free to roam
the area while the R/V Oceanus largely stood at anchor. A
primary activity of the Endeavor was to run a CTD tow-yo
line back and forth between the source and receiver arrays
(and often as far out as the shelf break), thus providing
the range- and time-dependent sound-speed profiles needed
for acoustic propagation and scattering studies, as well as
physical oceanographic information. The Endeavor also de-
ployed expendable bathythermographs (XBT’s), particularly
toward the end of the cruise when a gale and associated
high sea state prevented normal CTD operations. ADCP
current profile records were continually made as part of the
“background” operations of the ship, as were meteorological
and wavefield measurements. To visualize the vertical and
horizontal structure of the internal wave field, two high-
frequency backscatter sonars were employed, operating at 200
and 300 kHz, respectively. These sonars had beamwidths of
3.5 and 1.5, respectively, vertical resolutions of 15 cm, and
sampled at a 4-Hz rate. The surface signatures of the solitons
were recorded by the ship’s radar continuously throughout the
experiment, and the images stored on videotape. A circular
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region of 10.8-km diameter was mapped out with the ships
radar.
In addition to the ship’s radar observations of the surface
reflectivity disturbance due to the soliton field in the region,
ERS-1 SAR images of the region were obtained, as well as ad-
vanced very-high-resolution radiometer (AVHRR) radiometry
and other satellite images. Aircraft radar was also employed,
but unfortunately did not produce any acceptable data.
For recording the bottom bathymetry and subbottom struc-
ture, a chirp sonar was employed on a continuous basis. This
was a full spectrum system working in the 2–5-kH band, which
gave a vertical resolution of 1 m to a depth of about 50 m in
regions in which the sediment was soft.
A large number of oceanographic moorings were deployed,
as mentioned. Many of these were thermistor strings, sampling
at once per minute or faster. Each acoustic VLA also carried
a number of thermistor modules, appropriately spaced in the
vertical. At 32 km from the acoustic sources, a closely spaced
“complex” (or array) of thermistor strings was deployed to
measure the solitons speed and direction, and thus energy
fluxes. As part of this complex, a near-bottom upward-looking
ADCP was also deployed, which measured vertical profiles of
the current structure every 90 s with 4-m vertical resolution.
There was also the fast-sampling NRL telemetered thermistor
chain located roughly 4 km shoreward of the NRL acoustic
array, a thermistor string/ADCP mooring site in 103 m of
water (just before the shelf break), and a string of seven
autonomously recording temperature sensors right at the shelf
break (250-m depth).
To measure the surface waves, a few small waverider buoys
were deployed. Unfortunately, all but one of these failed, so
that our surface wave information comes primarily from the
surviving buoy and ships’ logs.
Having given this background description of the measure-
ment systems, we now proceed to the more interesting part of
our discussion—the preliminary results we have found and the
directions we are pursuing in analyzing this data set.
III. FIRST OBSERVATIONAL RESULTS
FROM THE SWARM EXPERIMENT
A. Physical Oceanography
1) Overview of SWARM Oceanography (Mid-Atlantic Bight,
Summer):
a) Hydrography: We chose the SWARM site for our
experiment for a number of reasons. Temporally, for shelf
internal wave studies, the months of July and August are
optimal choices in the Northern Hemisphere, as the warm
surface mixed layer and thermocline are developed to their
full extent, and this stratification has little chance to erode
due to cold fronts until September or later. Spatially, the
soliton internal waves are liberally generated at the MAB shelf
break and propagate shoreward. Thus, our moored experiment
extended spatially from just seaward of the shelf-break to60
km shoreward of it in a cross-shelf configuration. (Towed ship-
based measurements also went alongshelf, but we could not
afford an alongshelf moored component.)
The oceanography along the propagation track was ex-
tremely range-dependent, as can be seen in Fig. 4, which
shows in its panels , , , and .
The first item one notes in each panel is the bathymetry along
our track, which deepens seaward at a rate of 0.65 m/km on the
shelf and about 30 m/km over the slope (past the shelf break,
which is at approximate coordinates 39.12 N, 72.7 W on our
track.) The temperature and salinity panels clearly show the
well-known MAB shelf features, i.e., the “Cold Pool” or cool
fresh water on the shelf ( 7 C–12 C, 32.0–33.5
parts per thousand (ppt) observed) transitioning at the shelf
break front to warmer saltier North Atlantic water, which is
highly influenced by the Gulf Stream ( 12 C–18 C,
33.5–35.5 ppt in our region). The25 C surface mixed layer
found at the beginning of the experiment was seen to deepen
slightly to seaward, going from 5 m near the sources
to 10 m at the shelf break. Underneath this mixed layer
a strong nearly linear thermocline existed, with temperatures
decreasing from 25C at 5 m to 7 C at 40 m near the sources,
and from 25 C at 10 m to 12 C at 40 m near the shelf
break. Later in the experiment (commencing August 7, 1995),
strong steady 35-kn winds mixed the water down to 14 m
ear the shelf break within the first day and down to 25 m
(now with 22.5 at the surface) by the end of August 8,
with significant erosion of thermocline. Before this wind event,
however, conditions remained fairly close to those described
as holding at the beginning of the experiment, judging from
time series of CTD’s we constructed (not shown).
The sound-speed structure in the water column, the prime
quantity for acoustic propagation considerations, largely re-
flects the temperature field, as (m/s) ( C).
However, the cross frontal salinity differences can also affect
the sound-speed field, as the salinity contribution to the sound-
speed field is (approximately) (m/s)
where is in ppt. Since the cross frontal salinity gradient is
2–3 ppt, one obtains perturbations in sound speed of4 m/s, a
nonnegligible amount. The combination of the temperature and
salinity profiles above produces the range-dependent sound-
speed profiles seen in the bottom left panel of Fig. 4. This is
the basic profile we will use for our acoustics calculations, as
the changes in profile induced by the above-mentioned wind
event occurred after our acoustics experiment had terminated.
The range-dependent buoyancy frequency profile, ,
is also shown in the bottom right panel of Fig. 4. We see, both
from this panel and other data (not shown), that over the entire
range, a maximum of about 30–60 cycles per hour (cph)
is supported at the thermocline. The maximum frequency is
s en nearer the shore, where the temperature gradient between
the 25 C surface water and the 7C cold pool water is
la ger than that between the25 C surface and the warmer
( 12 C) water found near the front. (Calculations with the
quation of state show that the salinity effects on density are
a bit less than the temperature contributions for this case.)
Below the pycnocline ( 30 m), 0–0.5 cph in the
shallower water, whereas in the deeper water near the shelf
edge, 5–15 cph down to about 70 m. This cross-shelf
variation on the buoyancy frequency will have some effects
on soliton propagation, as will be discussed later.
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Fig. 4. Temperature, salinity, sound speed, and buoyancy frequency CTD sections along the moored acoustic transmission line, going from the sources
to out past the shelfbreak. Seven stations of data are interpolated here.
Also of interest are some high-resolution “tow-yo” casts
that were made between 15-m depth and 15 m.a.b.
(meters above bottom) that show the and fields
with rather high horizontal resolution (500 m). The and
fields obtained from these casts are shown in Fig. 5(a) and
(b). Significant fine structure is seen, particularly near the
thermocline and the edge of the front. This structure is likely to
be of importance acoustically, especially at higher frequencies.
Fig. 5(c) shows the sound-speed structure from these casts.
b) Tides and currents:The tides and currents play a ma-
jor role in creating the internal wave field seen at the SWARM
site, and so it is of importance to examine their nature. The
dominant component of both the barotropic and baroclinic
tides is the M2 (12.42-h period) semidiurnal tide. The tides at
the site are primarily barotropic, with 65% of the variance
at the shallow site being in mode 0 (barotropic),22% in
the first baroclinic mode, 5.8% in the second baroclinic mode,
and the remaining variance being in the higher modes. The
orientation of the tidal ellipse is 319.3True (T) for the major
axis component (of amplitude 14 cm/s) and 130.7T for
the minor axis component (of amplitude9 cm/s). The tidal
ellipse is thus oriented across-shelf, which is of considerable
importance. This finding (from our shallow ADCP data) agrees
well with the tidal model predictions made by J. Irish, the latter
being based on archival current meter data.
Mean currents at the shallow ADCP site during the time of
the experiment were generally weak, on the order of 0–10
cm/s, and to the southwest (along shelf). However, during
the course of the extreme wind event of yeardays 218–221
(up to 35 kn steady from the NNE as seen in Fig. 6), the
combination of the wind-driven current and the tidal current
produced a vector sum current that was very strongly to the
southwest, with virtually no offshore component below the
thermocline (see Fig. 7). This wind event figures prominently
in our attempts to understand the local mechanisms of soliton
production, as will be discussed.
In discussing the tides, we should also note the very
interesting behavior of the M2 internal tide. Fig. 8 shows
records from one of the thermistor chains in our array of chains
(at lat, long 39 11.5 m N, 72 50.0 m W) over two 12.42-h
M2 tidal cycles. One clearly sees the long-wavelength internal
tide via the temperature field, with the solitons “riding on top
of it.” What is interesting is that the internal tide arrives as a
sudden jump in the temperature field (and also in the density
fi ld, which is indicated by another measurement we have, i.e.,
the high-frequency acoustic back scatter, which is sensitive




Fig. 5. (a)–(c) Tow-yo CTD stations going from the moored sources to out past the shelfbreak front. Horizontal resolution (i.e., interval between casts)
is 500 m, so that a great deal of oceanic fine structure is seen.
to scatterers riding on density surfaces). This jump coincides
with the arrival of an energetic train of solitons against what
was previously a calm background. This arrival structure is
likely what Henyey calls a “solibore” [20], [21]. It seems
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(a)
(b)
Fig. 6. (a) Speed and (b) direction of wind as measured by the meterological
sensors on the R/V Oceanus, which was at anchor during a large portion of
the the experiment.
Fig. 7. Panels show current time series at depths of 23, 35, 47, and 59 m.
Upward direction of the arrow is due north. The effect of strong wind event
at the end of the experiment is apparent.
likely from our data that the entire M2 internal tide is, in
fact, a “solibore.” This is not proved conclusively from our
present data analyses, but we believe that when our entire set
of measurements is adequately processed, we should be able
to offer fairly compelling evidence for this.
2) Thermistor String Results:In addition to providing a
look at the hypothesized “solibore internal tide,” as shown in
Fig. 8, we were also able to learn something about the speed,
direction, amplitude, modal structure, etc., of the solitons
that propagated past these sensors. Before looking at these,
however, we will note two things. First, we will only look at
the “array” thermistor strings in this section (lat, long39.1
N, 72.5 W). Second, while the strings in the array sampled
once per minute, the elements only had a response time of three
minutes, and so the results they produce are instrumentally
low-pass filtered.
We first look at the amplitudes of the solitons. Since
the amplitude of an internal wave is determined by the
displacement of the isopycnal surfaces, and not the isothermal
surfaces, we must convert out temperature fluctuation data to
an effective density displacement. We do this by using the
relation
(1)
where is the displacement time series for the soli-
tons, is the high-pass-filtered time series of temperature
(which emphasizes the solitons), and is the deriva-
tive of the “suitably averaged” background temperature. In
this case, “suitably averaged” means a 36-h sliding average
window, with the solitons filtered out beforehand. The result
of this averaging is shown in Fig. 9(a). The soliton amplitudes
produced by this processing are shown in Fig. 9(b) and are
fairly typical of amplitudes seen throughout our experiment.
Displacements of up to 10 m are noted, quite large since the
water depth at the array is only of the order of 70 m. It should
be noted that these displacements are very consistent with
those obtained by directly using density surfaces from a “yoyo
CTD” made from the R/V Endeavor [22].
In deploying the array of thermistors, it was our original
intention to use time-delay cross-correlation techniques to
obtain the speeds, directions, and relative spacings of the
solitons. However, due to the sheer number of solitons that
were impinging upon the array from various directions at any
given time, it generally was not possible to identify individual
soliton trains upon which to use this technique. One notable
exception was the soliton train observed at the array on July
29, 2300 local. For this train, shown in Fig. 9(b), we were
able to successfully estimate the speeds of five of the waves
propagating past the array. Using the previously mentioned
tidal program, we were also able to subtract out an estimate of
the advection of the waves by the barotropic tide, thus giving
improved estimates for the absolute speeds of the waves in
the train. These numbers indicate that we are, indeed, seeing
quite nonlinear waves. The direction of this train is 300T,
indicating generation on the shelf break directly seaward of
the thermistor string array. These speeds and directions are
also in good general agreement with other measurements, as
will be discussed.
3) ADCP Measurements:
a) Measurement geometry:The ADCP measurements
re among our more fully analyzed data at this time, so our
description of these will be somewhat more extensive than
for other measurements. As mentioned, two RD instruments
(RDI) self-contained acoustic Doppler current profilers (SC-
ADCP’s) were moored 4 m above the sea floor, facing
upward, at two separate locations, 16.5 km apart, along the
xperimental track. One of them was placed in 103 m of
water at 39 10.000N, 72 47.416W near the shelf break
(hereafter referred to as the “Deep Site”), the other one was
in 75 m of water at 3925.333 69N, 72 56.5942W (“Shallow
Sit ” hereafter). Each ADCP was configured to transmit 225
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Fig. 8. Temperature record from thermistor string “t598” showing M2 internal tide and its correlation to the solitons. This seemingly is showing the
“solibore internal tide.”
pings per ensemble, with an ensemble sampling interval of
90 s. The acoustic frequency of the system was 307.2 kHz.
The four upward projected beams were oriented 30from
the vertical and the data were recorded in earth coordinates
(north, east, and upward, each being positive). Each ADCP
had a 4-m sampling blank directly above the transmitter head,
then it sensed the water column in 4-m-long depth bins. With
these settings of the profiling parameters, the current velocity
measurements were accurate to approximately 1 cm/s.
Measurements at the Shallow Site were collected in 16 depth
bins centered from 67 to 7 m in depth. At the Deep Site, the
data was obtained in 22 depth bins centered from 95 to 11 m
below the sea surface. The resultant ADCP data set is a time
series of depth profiles of three-component current velocities
with a sampling time interval of 90 s and a depth interval of
4 m. While the Deep-Site time series encompasses data from
Julian date (JD) 204 to JD 221, the Shallow-Site time series is
four days shorter, containing data between JD 209 and JD 222.
b) Data Processing:The processing of the ADCP data
entailed three successive steps: axis re-orientation (rotation),
vertical empirical orthogonal function (EOF) decompositions,
and temporal filtering of the modal coefficients/amplitudes.
The filtering enabled the decomposition of ocean variability
into three different time scales, namely synoptic, tidal, and
buoyancy, and is key to understanding the relations between
soliton production and propagation to meteorological events,
and to barotropic and internal tides. The three steps, along
with some important results, are discussed next.
For our oceanographic analyses, a regular co-
ordinate system with the axis pointing shoreward (i.e.,
up-slope) and matching the line that joins the two ADCP’s was
introduced. With respect to the earth-oriented coordinates, the
direction is 306 T. The axis has an along-slope orientation
pointing to 36 T. The axis is positive upward with
being the sea surface. The direction re-orientation was
completed by projecting the measured currents, which were
in earth-oriented coordinates, onto this coordinate
system. The current vector in is denoted hereafter
by .
The time series of the three particle velocity components,
up-slope , along-slope , and vertical , profiled at the
Deep and Shallow Sites, were then subjected to vertical EOF
decompositions. For each velocity component at each site,
the data covariance matrix was formed and its eigenvalues
and eigenvectors computed. After the EOF’s are computed,
th time series of the corresponding modal amplitudes,,
can be easily obtained by projecting the data onto the mode.
Alternatively, one may choose to project the data onto the
cean dynamical (“theoretical”) modes. However, it is rather
appealing to calculate vertical modes independently of theory,
so that the purely empirical results can be used to validate the
theory. In Fig. 10(c) and (d), we display all the “significant”
Shallow-Site EOF’s, except for the zeroth (i.e., barotropic)
mode of horizontal current which is approximately uniform.
By “significant,” we imply that these modes have rms veloci-
ties a couple of times larger than the ADCP measurement error
of 1 cm/s. Fig. 10(c) shows the first and second baroclinic
EOF’s of the horizontal current while the bottom panel shows
he only significant EOF for (or displacement). We would
like to point out that the EOF’s for both and are almost
identical and that the Deep-Site EOF’s look very similar. The
eigenvalues also indicate that the first three EOF’s forand
encompassed over 93% of the total horizontal kinetic energy
at both the Shallow and Deep Sites.
For comparison, the predicted vertical structure based on
theory is displayed on the top half of Fig. 10. These dynamical
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(a)
(b)
Fig. 9. (a) “Background” centigrade temperature at thermistor array site,
used for obtaining internal wave pycnocline displacements from temperature
records. (b) Pycnocline displacements of a well-resolved train of solitons.
Numbers by the large peaks indicate propagation speed of the soliton, both
uncorrected for advection by the barotropic tide and corrected (the latter in
parentheses).
modes were calculated using a buoyancy frequency profile
(see Fig. 11) derived from a CTD cast at a location between
the two ADCP’s. The EOF’s and dynamical modes for the
horizontal currents are striking similar. However, for the
vertical current, dissimilarities between the EOF and the
first baroclinic dynamical mode are observed. A possible
explanation is that the EOF for may actually be made up
of a few dynamical modes with highly energetic phase-locked
soliton wavepackets. In support of this explanation is the fact
that the first and second horizontal-current EOF’s are highly
correlated with correlation coefficients larger than 0.7 at both
the Shallow and Deep Sites. The empirical decomposition was
able to discern these modes inand because of the energetic
tidal motions. But the tides, including the internal ones, have





Fig. 10. Vertical structure of: (a), (c) currents and (b), (d) displacements.
Dynamical modes calculated based on an observed buoyancy profile are shown
in (a) and (b) whereas the vertical EOF’s derived from the ADCP data are
shown in (c) and (d) for comparison. The first baroclinic mode is denoted
by dashed lines and the second mode by dotted–dashed lines. The zeroth
barotropic mode is not shown.
fit to the EOF for can be obtained using only the first
three dynamical modes with the first baroclinic mode being
the dominant mode in such fit.
The velocity modal-amplitude time series were then filtered
using low-pass, bandpass, and high-pass Butterworth filters,
APEL et al.: AN OVERVIEW OF THE 1995 SWARM ACOUSTIC SCATTERING EXPERIMENT 477
(a)
(b)
Fig. 11. (a) A Brunt–Vaisala frequency profile and (b) a temperature gradient
profile. Both profiles are derived from a CTD cast taken between the two
ADCP sites with some smoothing applied.
separating the motions into three distinct frequency bands.
These three frequency bands are hereafter to be referred to as:
1) “synoptic” with periods longer than 18 h;
2) “tidal” with periods between 5 and 18 h;
3) “buoyancy” with periods shorter than 5 h.
The synoptic band includes oscillations directly related to
the synoptic weather pattern as well as inertial waves. The tidal
band consists of diurnal and semidiurnal tides. The internal
waves, including the nonlinear solitons, reside in the buoyancy
band. Figs. 12 and 13 show some of the filtered Deep-Site
modal horizontal currents in the tidal and buoyancy bands, for
two recording periods, JD 208 through JD 212.5 and JD 211.5
through JD 217, respectively, with a slight overlap in time.
The relations observed between the large-amplitude solitary
wavepackets, the barotropic and internal tides, and the synoptic
atmospheric forcing are discussed next.
c) Generation: The ADCP data reveal that there were
multiple soliton generation sites in the vicinity of the exper-
imental track, as one might surmise after viewing satellite
SAR imagery. From the and buoyancy-band modal time
series, as displayed in (b) and (c) of Figs. 12 and 13, we can
clearly identify that one of the dominant sites of generation
was directly off the shelf break adjacent to the Deep-Site
ADCP. The solitons generated near the Deep-Site ADCP
propagated directly up slope (i.e., in thedirection), showing
significant signatures in the component but not in the
component. Examples of these locally generated soliton
packets are denoted by “A” and “C” in Fig. 12. In the same
figure, an example soliton packet that was not generated near
the Deep-Site ADCP but was generated to the southwest
of the experimental region is also labeled (“B”). This “B”
packet had a component of comparable speed to the
component. The overall environmental condition was ex-
tremely complex, with distantly generated soliton packets also
influencing the local condition, either as isolated events or by
interfering with the locally generated packets. This complexity
is more apparent in the Shallow-Site ADCP data as the
distantly generated solitons tended to have larger amplitudes
there.
Fig. 12(a) depicts a period when the barotropic and internal
tides are in-phase in the up-slope direction at the Deep-Site,
at least until approximately JD 211.5. This was a period when
the distantly generated solitons were weak and sometimes
absent and the locally generated solitons predominated. These
soliton packets rode on the leading edge of the internal tides
and coincided with the onset of the barotropic tide. However,
as shown in Fig. 13, between JD 211.5 and JD 214.5, the
distantly generated solitons appeared more frequently and
caused considerable interferences, making them difficult to
isolate from the locally generated ones. We also notice that, in
this period, the barotropic and internal tides are not exactly in
phase. This is probably due to the interferences between the
internal tides, upon which the solitons, emanating from the
multiple source sites, initially rode.
The generation of solitons in the region of the shelf break
may be explained by a number of possible mechanisms. Apel
et al. [19] favor two of the proposed possible mechanisms for
the generation: 1) coupling of energy between tidal modes and
2) the release of a standing lee wave off the shelf break. In the
former generation mechanism, energy from the barotropic tide
is scattered into the internal modes within the tidal band at
the shelf break as the mode angle of the internal propagation
characteristics coincides with the angle of the shelf slope. The
internal tides then scatter energy nonlinearly into the buoyancy
band as they propagate shoreward. The second mechanism
may explain observations of soliton-like internal waves by
Loderet al. [23] and Brickman and Loder [24] in the region of
the Northern Georges Bank shelf break. In this hypothesis, a
steady offshore flow, usually provided by the ebbing barotropic
tide, is required to establish a spatially oscillating depression
(i.e., lee waves) in the pycnocline directly seaward of the shelf
break. These depressions are a result of the sudden increase
of the relative vorticity caused by the stretching of the water
column. The lee wave is eventually released from its phase-
locked position when the flow reverses. At the onset of the
flow reversal, which typically occurs at slack tide, the lee
waves travel up the shelf as internal tides coupling energy
into the buoyancy band as soliton wavepackets. In the absence
of Ekman flow, both proposed generation mechanisms would
produce common signatures in the ADCP observation in that
soliton packets would be generated at the onset of the flood
cycle of the barotropic tide, and that they would be riding on
the leading edge of the internal tides propagating up slope.
However, a synoptic wind event which occurred during the
experiment will perhaps allow us to invalidate the former
hypothesis.




Fig. 12. A segment of the observed Deep-Site modal amplitudes between JD’s 208 and 212.5, showing (a) the up-slope tidal currents of the barotropic (solid
line) and first (dashed line) and second internal (dotted–dashed line) modes, (b) the up-slope buoyancy currents of the first mode, and (c) the alone-slope
buoyancy currents of the first mode, respectively. In (b), three of the soliton packets are labeled as A, B, and C.
In Fig. 14, we display the up-slope component of the
synoptic barotropic current with the up-slope tidal current
superimposed. The synoptic currents show the effects of the
weather pattern that moved in on approximately JD 214.
This storm event introduced a synoptic shoreward flow which
gradually ramped to a peak in excess of 0.3 m/s. This event
suppressed and eventually negated any offshore flow through
the end of the ADCP recording. Of note is the fact that during
this late period, no solitons were locally generated! The strong
implication is that the generation mechanism is consistent with
the lee-wave hypothesis.
d) Dynamical modal relations:Central to the subsequent
analyses of the ADCP data on soliton propagation and spectral
characteristics is the establishment of the relations between
modal displacements and modal horizontal and vertical par-
ticle velocities. These important relations, along with some
theoretical vertical-structure calculations, are summarized in
this section.
The particle velocities and displacements asso-
ciated with the ocean variability can be decomposed as linear
combinations of vertical modes:
(2)
where and are the vertical modes of horizontal motion
and vertical displacement or motion, respectively, is the
normalization constant for , and , , , and are the
corresponding modal coefficients (i.e., amplitudes) describing
the temporal and horizontal structure. For internal distur-
bances, the vertical-displacement modes are governed by
the Sturm–Liouville equation
(3)
subject to the rigid-lid boundary conditions
(4)




Fig. 13. Same as in Fig. 12, but for the segment between JD’s 212.5 and 217.
Fig. 14. Up-slope synoptic currents (dashed line) with tidal current superimposed (solid line), showng the onset of a synoptic storm event at approxim tely
JD 214 that prevented any offshore flows in the later period. The time series shown here corresponds to the modal amplitudes of the barotropic mode.
where is the buoyancy frequency, is the eigenvalue
which is the modal phase speed of linear waves in a non-
rotating fluid, i.e., for a wave frequency much higher than the
inertial frequency, and is the water depth.
The vertical modes of horizontal and vertical motions are
related by
(5)
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and, according to the Sturm–Liouville conditions, they satisfy
the following orthogonality conditions:
(6)
Our choices for normalization are
(7)
With such normalizations, the modal coefficients have the
physical meanings of phase-preserved depth-averaged root
square quantities. The first and second dynamical baroclinic
modes of horizontal current (i.e., and ) and of vertical
displacement or current (i.e., and ) are shown on the
top panels of Fig. 10. These theoretical vertical structures were
calculated based on a buoyancy profile observed by a hydro-
graphic station between the two ADCP sites. This buoyancy
profile along with the associated temperature gradient profile
is shown in Fig. 11.
Using the modal expansion in the fundamental hydrody-
namics equations, neglecting rotational effects and energy ex-
change (i.e., coupling) between modes, and assuming weakly
nonlinear finite-amplitude plane progressive waves propagat-
ing in a specific direction, Ostrovsky [25] and Apelet al. [19]
have shown that the modal displacement is governed by
the KdV equation
(8)
where is the direction of propagation of the wavefront, and
(9)
are environmental parameters accounting for the effects of
buoyancy, current, current shear, and water depth.
e) Soliton propagation:For modal displacements that
are nonsteep and have small amplitudes, the solution is that of
the linear internal waves propagating at phase speeds of.
However, for displacements having large enough amplitudes
and steepness, the KdV equation admits the well-known
soliton solution
(10)
where is the peak modal amplitude of the soliton. This
superscript is used hereafter to denote modal amplitudes






Fig. 15. The evolution of (a) modal displacement, (b) horizontal current,
and (c) vertical current associated with a single soliton. This soliton temporal
structure (solid lines) was calculated based on weakly nonlinear theory. The
dot–dashed line in (a) represents the result of linearization, showing large
error.
and propagates with a nonlinear phase speed
(12)
Both the soliton characteristic width and phase speed depend
on the soliton peak displacement. The characteristic width is
inversely proportional to the square root of whereas the
phase speed is linearly proportional to . The implication
is that the larger the peak displacement, the faster the soliton
propagates and the narrower or steeper the soliton is.
Using soliton modal relations with environmental and non-
linear parameter values calculated based on the observed
buoyancy frequency profile, predictions for the evolution of
solitons can be attempted. To illustrate the predicted temporal
structure of a soliton and the dramatic effect of nonlinearity,
a soliton solution with a 10-m peak modal displacement
along with the corresponding modal horizontal and vertical
velocities are displayed in Fig. 15. Of particular interest is
the dot–dashed curve in the first panel. This curve represents
the linearized solution associated with the particle velocities
displayed below. Clearly, nonlinear advective effects are im-
p rtant, which significantly enhances the displacement. The
modal soliton solutions for the first two baroclinic modes are
always positive. The positive sign is entirely consistent with
the ADCP data. In view of the corresponding mode functions
shown in Fig. 10, the positive sign implies that the solitons
in Mode 1 (M1) cause only depressions of the isotherms
over the entire water column, whereas for Mode 2 (M2), its
depression is below 20 m. Fig. 16 shows the predicted relation
between the soliton peak modal horizontal current, the peak
modal vertical current, and the peak displacement. Again,
the predicted relation between the soliton peak horizontal
and vertical currents is rather consistent with the data. The
observed peaks of the M1 soliton vertical current range from
2 to 10 cm/s whereas the corresponding horizontal currents
have peaks between 5 and 30 cm/s.
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(b)
Fig. 16. Theoretical relations between (a) soliton peak horizontal current,
(b) peak vertical current, and (c) peak displacement for the first (dashed lines)
and second (dotted–dashed lines) baroclinic modes.
The alignment of the two ADCP’s with the adjacent soliton
generation site has allowed for a verification of the theoretical
soliton phase speed. Before the onset of the synoptic storm
event which stopped the local production of solitons, there
was a common time period, JD 209.5 through JD 216.5, in
which both ADCP’s were recording simultaneously. Using
this seven-day segment of the time series, we were able to
track a total of eight noninterfering soliton wavepackets in
the first EOF that were generated off the immediate shelf
break (i.e., with relatively small velocities). The travel time
from the Deep Site to the Shallow Site of the leading soliton
in each packet provided an estimate of its phase speed, and
its peak vertical velocity provided an estimate of its peak
displacement. The results are marked by circles on the top
panel of Fig. 17, in which the theoretical phase-speed curves
for the first and second dynamical modes are also displayed.
Qualitative agreement is noted between the observed phase
speeds and the predicted phase speeds of the first baroclinic
mode. This is not surprising because the EOF foror
displacement is mostly matched by the first dynamical mode.
A real surprise, however, is the high correlation (above 0.7)
between the modal amplitudes of the first and second EOF’s of
the buoyancy-band up-slope horizontal current, at both the
Deep and Shallow Sites. High correlation was only anticipated
at the Deep Site but not the Shallow Site, which was more
than 16 km away from where the soliton were generated.
The implication is that M2 did not propagate with the much
smaller phase speed, in accord with the weakly nonlinear
decoupled soliton theory. Instead, it propagated together with
M1. A phase-locked mechanism seemingly existed. Therefore,
an outstanding question is what causes this phase-locked
behavior.
In the bottom two panels of Fig. 17, the predicted 50%
width and time duration, for both M1 and M2, as a function
of the soliton peak modal displacement are plotted. We use




Fig. 17. Theoretical relations between (a) soliton phase speed, (b) 50%
width, and (c) 50% time duration for the first (dashed lines) and second
(dotted–dashed lines) baroclinic modes. Observed soliton phase speeds are
plotted as circles, showing agreement with the predicted first-mode phase
speed.
50% of its peak value. The theoretical curves for M1 suggested
that the observed solitons should have 50% widths of about
100 to 200 m and 50% time durations of about 100 to 300 s.
These width and duration estimates are very consistent with
both ADCP and other observations.
f) Displacement power spectral density:The displace-
ments of isotherms are directly related to sound-speed
perturbations. Therefore, for underwater acousticians, the
power spectral density of displacement is a more useful
characterization of the acoustic random medium than particle
velocities. In this spirit, we will next attempt to provide some
estimates and discussion of the displacement power spectral
density.
Displacement time series can be derived from the vertical-
current time series. The relation between modal vertical veloc-
ity and modal displacement, when trivially integrated, gives
the result
(13)
It is noted that this integral relation for solitons is also valid
f r linear internal waves residing in the energy-containing
frequency band of the soliton packets. For these linear waves,
the nonlinear term is much smaller than and hence
contributes little in the overall equation. The soliton-energy-
containing band can be easily estimated by performing FFT’s
on a few individual soliton packets. The band is found to
be 40 cpd and above. Therefore, if we are willing to assume
that the greater-than-40-cpd ocean variability consists of linear
internal waves and solitons only, (13) can be used to convert
the observed vertical currents into displacements in this band.
Thus, the procedure for obtaining the modal displacement
time series involves, as a first step, filtering the observed modal
vertical velocity into a low-pass time series and a high-pass
time series, both with a cutoff at 40 cpd. After integrating
both series in time, the high-pass one was then corrected using
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(a)
(b)
Fig. 18. A segment of the high-pass time series of modal displacements at
the (a) Shallow and (b) Deep Sites. The up-slope barotropic tidal current
(dot–dashed line in units of cm/s) is superimposed to show that this segment
encompasses two tidal cycles with strong soliton packets generated near the
Deep Site during the tidal flood.
the EOF modes through polynomial root finding. Finally, the
low-pass and corrected high-pass displacement series were
added to give the overall displacement time series. Partial
segments of the corrected high-pass modal displacements at
both the Shallow and Deep Sites are shown in Fig. 18. Having
a common time window, the two segments show the evolution
of four soliton packets over two tidal cycles. Although it may
be difficult to see without the aid of the horizontal currents,
there were actually two packets per cycle with the locally
generated packet leading.
With the expectation that the spectral characteristics should
be dissimilar between time periods with little soliton activity
and those with heavy activity, it is reasonable to treat the
active and inactive periods separately in the spectral estimate.
The displacement time series were carefully cut into many
nonoverlapping sections, each 6 h long. The 6-h window was
chosen because each soliton packet was typically 4–6 h long.
For each ADCP, the 6-h sections were then assembled into
two groups, one with soliton packets and the other one without.
The spectral density of each group was then estimated through
ensemble averages of the magnitude squared sectional FFT’s.
Fig. 19 shows the resultant power spectral density estimates
of the modal displacements, at both the Shallow and Deep
Sites, for periods with and without soliton activity. For the
soliton-free periods, both the Shallow and Deep-Site spectra
exhibit a frequency dependence of approximately over
the band from 10 to 150 cpd. But beyond 150 cpd (i.e., the
buoyancy frequency), the solitonless spectrum falls off much
more gradually in the Shallow Site than in the Deep Site,
indicative of the effects of a reduced water depth. The
dependence below 150 cpd is interesting in that the same
dependence was observed by Lynchet al. [11] in the Barents
Sea. The Barents Sea is also on a large shelf, but at a much
higher latitude; the commonality of this dependence for
the two shelf regions is an intriguing coincidence.
(a) (b)
Fig. 19. Power spectral density estimates for periods with no soliton ac-
tivities (solid curves) and periods of strong soliton activities (dot–dashed
curves) for both the (a) Shallow and (b) Deep Sites. The solid straight lines
represent logarithmically linear least-squares fits to the solitonless spectra
in two different frequency bands. The slopes of these fits are shown in
parentheses.
It is apparent from Fig. 19 that the spectral effects of the
soliton packets include the elevation and whitening of the
band from 40 to 200 cpd with a slight resonance toward the
higher end of this band. This slight resonance is associated
with the full durations of the individual solitons. For peak
modal displacements of 8 to 10 m, the soliton durations are
predicted by theory to be approximately between 600 and 500
s. The reciprocals of these durations give 140 to 170 cpd.
The spectral elevation is significant, revealing an order-of-
magnitude increase of potential energy in this elevated band.
We also observe that the soliton-active spectral density falls off
much more rapidly beyond 200 cpd at the Shallow Site than
at the Deep Site. This difference might perhaps be due to the
dissipation of the high-amplitude solitons as they propagate
shoreward.
4) Ship Radar Images:It is well known that radars can
image the sea surface roughness produced by internal waves
and that these surface signatures can be exploited for studies
of the generation, propagation, and dissipation of internal
waves. In order to better understand the spatial and temporal
distribution of soliton internal waves at the SWARM site, a
combination of shipborne, aircraft radar, and satellite SAR
measurements were made. The aircraft radar imaging did not
turn out well, and the satellite SAR will be discussed in a
coming section, so we will just discuss the shipborne radar
images here.
Fig. 20 shows three radar images obtained during a transit
of the R/V Endeavor from the vicinity of the acoustic sources
toward the shelf break at a speed of 5 m/s. The radar full-scale
range from the center is 5.486 km. Range rings are in 0.914-
km increments. The data were taken on July 30, 1995, from
0606Z to 0633Z. These images show the following sequence
of events.
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(a) (b) (c)
Fig. 20. Three ship radar images over a half-hour period showing surface signatures of soliton trains at the SWARM site.
In Fig. 20(a), a packet of waves is seen propagating in the
direction 290 T. The surface expressions of the wavefronts
within the packet are seen to be rather irregular and wavy. For
instance, the distance between the first and second wavefronts
varies from 1.6 to 2.0 km, whereas the distance between the
second and third wavefronts varies from 0.5 to 1.3 km. This
suggests that the subsurface structure may also be wavy in
the – plane. However, this latter hypothesis is very hard to
verify with in situ measurements, as the number of sensors
needed is prohibitive.
In Fig. 20(b), we see an image taken 18 min after the
Fig. 20(a) image, during which period the ship has advanced
5.4 km further toward the shelfbreak. The internal wavepacket
seen in the previous panel is now seen in the lower left
quadrant of the display. A second packet is also seen in the
lower right quadrant of the display, propagating in the 310
T direction. Some intersection of the packets is seen in the
center of the panel.
In Fig. 20(c), the ship has moved an additional 2.7 km, and
the internal wave packet bearing 310T is now in the center
of the image. This packet shows many more waves, eleven by
count, with a somewhat more organized structure. The spacing
of the leading wave from the next is1.0 km, whereas the
trailing waves at the end have about a 300-m spacing.
We should note that the local propagation directions seen
by ships radar are not always trivially back-propagated to
the source region, as refraction by bathymetric features and
interactions with other waves can alter the local directions
one measures. Only by the use of larger scale observations
(e.g., the satellite images we will examine next) can one hope
to explain the details of the local propagation directions seen.
5) ERS-1 Satellite Images:Satellite images of the area
were obtained from three spacecraft, but only the ERS-1 SAR
images will be discussed here. The C-band SAR provides all-
weather day and night coverage along 100-km-wide swaths
having square pixel dimensions of 12.5 m. In general, any
ocean mechanism that changes the ultragravity/capillary wave
spectrum is imaged by this radar, including internal waves,
both linear and nonlinear [26], [27].
Fig. 21 is a SAR image over the SWARM site taken on July
29, 1995, at approximately 1100 UT. It is approximately 50
km on a side and is displayed at full 12.5-m resolution. The
SWARM track is shown as the white line, with the squares
te minating the track being the WHOI sources to the northwest
and the NRL VLA on the southeast end. Internal waves
ar visible throughout the entire region as quasi-coherent
linear features generally oriented along the bathymetry. These
are both solitons (the long relatively regular packets) and
more random irregular features, presumably linear internal
waves. The solitary waves have been studied in the general
geographical region of the New York Bight since 1976 as
well as at many other sites [28]–[30]. Their hydrodynamic
properties are fairly well understood, as are their surface
signatures [26], [27]. Indeed, one major reason for choosing
the SWARM site was our familiarity with this phenomenon.
In Fig. 21, it is clear that several distinct soliton packets
exist in the array region. They appear to have originated at
s veral sites along the continental shelf break and to have
arrived in the area with varying propagation times. Given our
hypothesis that the solitons are created every 12.42 h by the
barotropic tide/lee wave mechanism, the rather wide shelf and
low propagation speeds of the solitons result in as many as four
full cycles of wave groups separated by 20–25 km appearing
on the shelf at a given time. The multiplicity of sources and
cycles means that a complex wave field will be present.
Three SAR images were acquired during the activein situ
observational period, as well as one image before its start and
one afterward. From these images, it is possible to assert that
there is an essential repeatability of the waves over a 14-day
tidal cycle, so that one might assume a stochastic stationarity
to the field, given the same geography and phase of the tidal
cycles. This would be true as long as astronomical forcing and
bathymetric shapes were the only controlling items. However,
meteorological forcing was observed to profoundly disrupt
this regularity. The three-day northeast storm that terminated
our acoustic operations drastically reduced the internal wave
field as observed by the ADCP’s and thermistor strings, as
pr viously discussed. Also, little internal wave activity was
een by satellite for several days, and none was seen from
shipboard radar.
From the data, we have come to the conceptual model that
the solitons and the region behind them (extending eastward
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Fig. 21. ERS-1 SAR image of the SWARM site, taken July 5, 1995, with 12.5-m resolution. Solitary waves appear as long regular features, whereas
other internal waves display a fainter more random appearance.
to the following packet) constitute a full cycle of the internal
baroclinic tide. On the shelf, this internal tide is highly
nonlinear, and its propagation speed is super-Froude (phase
speed linear internal wave speed). The solitons are actually
oscillations of the leading edge of an undulatory internal bore,
which has been termed a solibore by Henyey [20], [21].
Midway through the solibore’s (roughly) two-day lifetime
on the New Jersey shelf, it appears it can be adequately
described by a little-known solution to the Korteweg–deVries
equation for the amplitude , and by an eigenvalue
equation for the vertical structure. The KdV equation and
vertical modes have been discussed elsewhere, and so we will
not repeat that discussion here. The amplitude expression is
the new feature to be examined.
The amplitude solutions for the solitons vary in form
according to the initial conditions and the asymptotic physics.
Two well-known solutions are the hyperbolic function
(as previously described) and the Jacobi elliptic function
. The former describes an isolated pulse traveling without
relative change in shape. The latter describes an oscillating
wavetrain named the “cnoidal” solution, each of whose wave-
forms is similar to the shape [29]. However, a third
solution exists [31], [32] which appears to be better suited
to modeling the solibore, and is termed here the “dnoidal”
solution, . The solution is written in terms of the
amplitude equation as
(14)
where one also has to solve an ancillary equation for the non-
linear parameter . The solution describes (a) an oscillating,
nonlinear wavepacket, with (b) diminishing wavelength and
amplitude from front to rear of the packet, (c) an increase in
the number of oscillations as time goes on, and (d) a permanent
downward displacement of the density surface at the rear of a
packet. (The recovery of the displacement over the tidal cycle
is not modeled by this solution.)
All of these characteristics are observed in solitary packets
in the SWARM area. Furthermore, when reasonable numerical
values of the environmental parameters are used in the KdV
equation, the dnoidal solution reproduces the observed wave-
forms with considerable fidelity. A comparison between an
observed waveform and a theoretically predicted one is shown
in Fig. 22(a) and (b); no adjustable parameters are used. The
agreement is seen to be reasonable.
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(a)
(b)
Fig. 22. (a) Dnoidal wave model of a soliton train 8 h into its development.
(b) Densitometer trace of SAR image intensity, showing soliton train with
structure similar to the theoretical calculation above.
6) High-Frequency Flow Visualization (200-, 300-kHz Sys-
tems): “High-frequency acoustic backscatter flow visualiza-
tion” was employed to observe the spatial and temporal
evolution of internal wave packets at the experimental site.
Two systems were used during the cruise. A 200-kHz system
with a 3.5 3-dB beamwidth was used in hull-mounted con-
figuration, and a 300-kHz system with a 1.53-dB beamwidth
was used in a towed body configuration. The acoustic flow
visualization systems provided horizontal spatial resolution of
about a meter and vertical resolution on the order of 15 cm.
The acoustic signals were backscattered by both particulates
(including biologics), which generally adhere to the isopycnal
surfaces associated with large vertical density gradients, and
from large temperature fluctuations, which also tend to be
associated with large density gradients. We will thus make
the assumption that the high-frequency acoustic systems are
essentially imaging the density gradient in the water column.
A typical acoustic image of the internal wave field is shown in
Fig. 23. It appears visually that the image is tracking the main
pycnocline density surface; however, more precise verification
of which surfaces are producing the largest scattering signals
still needs to be done, with the simultaneous CTD yoyo data
being perhaps the most useful for this purpose.
Some of the more interesting results to date from the
acoustic flow visualization come from the transect going from
the sources to the vicinity of the NRL VLA, which we
discussed before in the context of ship radar images. From
this transect, made on July 30, 1995 (0530-0800Z), we see
the same soliton groups in the back scattering profiles as
Fig. 20(a)–(c) show in radar surface expressions. Specifically,
in Fig. 24, the segments labeled A, B, and C correspond
exactly to the radar images in Fig. 20(a)–(c). Note that the
subsurface wavelengths measured by the acoustics correspond
nicely with the radar surface image spacings. In segment A,
a distance of 1 km or more is seen between features, whereas
in segment C, wavelengths from 1 km down to 200–300 m
are noted.
Also of great interest from the transect is the acoustic flow
visualization’s look at the solibore internal tide. If one looks
at the record at 17 and 42 km along the track, a sharp jump in
the depth of the pycnocline is noted, this coinciding with the
arrival of large amplitude solitons. These two “jump” events
were separated by25 km, which is the order of magnitude of
separation one would expect for the internal tides. We have not
yet correlated the locations of these jumps to the positions one
would expect from tide tables and internal wave propagation
speeds, but feel reasonably confident that the agreement will
be good when finally calculated.
7) CTD Yoyo’s: The final piece of oceanographic data we
will touch on is the CTD yoyos. Since the R/V Oceanus was at
anchor for extended periods during the SWARM experiment, it
was possible to yoyo a CTD at a fixed geographical coordinate
and not have to worry about ship drift effects. We did so on
a number of occasions, with a typical result being shown in
Fig. 25. The added value of such data is that we were able to
get fairly good time-series profiles of the internal wave field
right from the surface, and to have the salinity (and optical
transmission and fluorescence) as well as temperature data.
The finite time needed to make a cast (3–5 min) leads to
some aliasing in the structure inferred, however. As mentioned,
Ostrovsky’s notes [22] order 5–10-m displacements of the
isopycnal surfaces from this type of data, in good agreement
with our other results.
B. Bottom Structure Studies (Chirp Sonar)
1) Chirp Sonar System Description:For recording the bot-
tom bathymetry and subbottom structure, a full spectrum chirp
sonar was employed on a continuous basis. The full-spectrum
sonar [33] used on the R/V Endeavor was interfaced with
a hull-mounted 3.5-kHz echo-sounder transducer having 30
beamwidth at the 3-dB point. A Sparc workstation containing
a DSP board allowed for real-time correlation processing as
well as software-controlled transmission, data display, and
recording. The system was also connected to a differential
global positioning system so that accurate navigation and
reference time for each return was available. A linear FM
pulse with a Blackman–Harris pulse spectrum was transmitted
t a rate of one or two times a second, depending on the water
depth. The frequency range was set between 2 and 5 kHz,
which was determined by the characteristics of the transducer.
After correlation, the width of the compressed zero-phase
pulse was measured to be about 1.6 ms, which corresponds
to a 1-m vertical resolution assuming an average sound-speed
value of 1600 m/s in the sediment. Bathymetry and subbottom
surveying along the “experimental track 1003” was performed
t a 4-kn ship speed and 2-Hz transmission rate, providing
a 1-m spacing between each return (Fig. 26). However, the
horizontal resolution is limited by the size of the first Fresnel
zone which is calculated to be 7 m in diameter for 60 m
water depth. Penetration of the system was measured to be as
much as 50 m in sandy/silty sediments due to the relatively
low-frequency characteristics of the FM pulse.
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Fig. 23. 300-kHz high-frequency acoustic backscatter image of the internal wave fields at the SWARM site.
Fig. 24. Acoustic backscatter measurement of the main pycnocline on July 30, 1995, corresponding to the radar images of Fig. 20.
2) Geology of the Experimental Site:The SWARM mea-
surements were made on the New Jersey shelf, a well-studied
area of the continental shelf. The continental shelf, which
is considered to be a submerged extension of the gradually
sloping Atlantic Coastal Plain, is characterized by a sea floor
sloping gradually to a steep shelf break at the continental slope
and is cut by many canyons [34]. The acoustic measurements
were made about 50 m southeast of the Hudson Canyon and
about 3 km southwest of Tom’s Canyon.
The sea floor is underlain by a sequence of quaternary and
tertiary sediments that generally thicken toward the shelf break
[35]–[37]. The quaternary sediments were deposited during a
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Fig. 25. CTD yoyo sample of internal wave field made from the R/V Oceanus, September 2, 1995.
Fig. 26. Chirp subbottom profiles of track 1003 and track SW. Approximate location of chirp inversions and MSC velocity analysis are also shown.
series of glacial advances and retreats that resulted in the rise
and fall of sea level. During periods of low level, submarine
and subaerial erosional processes resulted in erosional surfaces
(unconformities) over large areas of the shelf and the formation
of canyons which trend perpendicular to the shoreline. A
shallow seismic reflector is prominent over large areas of
th New Jersey shelf and is assumed to represent an interface
formed during the latest period (Wisconsonian) of low sea
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Fig. 27. Roughness power spectra of bottom track (tracks 1003 and SW)
and subbottom reflector (sections 1003-5 and SW-1).
level. Over much of the shelf area, is overlain by a veneer
of sediment less than 1 m in thickness [38], [39]. In two areas,
however, the Mid-Shelf Wedge and the Outer-Shelf Wedge, the
reflector is overlain by deposits of at least 20-m thickness.
A further consequence of the last retreat of sea level was the
formation of a series of ridges and valleys (ridge and swale
topography) parallel to the shoreline [34], [38].
The SWARM acoustic track crosses two provinces: 1) the
Outer-Shelf Wedge and 2) the area between the Outer Shelf
Ridge and the Mid-Shelf Ridge that is characterized by little or
no deposits overlying and by ridge and swale topography.
Two distinct provinces along the experimental track were also
observed by the chirp sonar system, indicating that the shallow
reflector dips gently toward the deeper water and outcrops
locally near the WHOI VLA.
3) Bottom and Subbottom Roughness Characteristics:The
roughness of the sea floor and the shallow reflectorwere
analyzed along the experimental track 1003 [1] and an almost
perpendicular track to the SW. Depth of the sea floor and
were determined both in real time and during postprocessing
with a simple tracking algorithm. A 512-point discrete Fourier
transform with a 10% taper cosine window was used to obtain
raw spectral estimates for each section of the track 1003
and for the SW track. The resulting spatial power spectral
density of the sea floor topography for each section is shown
in Fig. 27. Roughness spectra of the shallow reflectorfor
subsections 1003-5 and for the SW track are also depicted in
that figure. Assuming the roughness spectra have a power law
shape, , a logarithmic regression was performed
and values of the spectral exponentand the proportionality
constant were determined for each section. It was concluded
that the sea floor topography and shallow reflectorin the
experimental area can be described by two distinct spectra,
if one assumes stationarity and isotropy in the area. For the
bottom, the average values of the spectral exponents were
calculated to be 2.1. For the reflector , average values of
2.2 were found. These bottom roughnesses are important
to determine, as the roughness, as well as the large-scale
bathymetry, determines how much mode coupling due to the
bottom occurs.
4) Inversion for Subbottom Density and Sound-Speed Vari-
abilities from Chirp Sonar Data:In addition to bottom rough-
ness characteristics, subbottom density and sound-speed vari-
abilities need to be determined for a thorough analysis of
modal coupling by the bottom. Chirp sonar data collected at
the SWARM experimental site were used for inverting for
such volumetric properties. A forward model based on Biot’s
theory [40] was adopted to simulate chirp reflections from
homogeneous sediment layers. An inversion algorithm based
on single-step heat bath simulated annealing [41] was used
to determine four Biot parameters, namely porosity, shear
modulus, frame loss, and permeability, at each layer. For
this, each reflector was progressively identified in the time
domain and corresponding Biot parameters were inverted for
by minimizing an energy function.
In Fig. 28, inverted density and sound-speed profiles are
compared with core data [42] and bottom shear modulus
profiler (BSMP) shear modulus inversion results [43] at the
AMCOR-6010 site. The inverted sound-speed profile is also
compared with parabolic equation model predictions obtained
from the transmission-loss data [44]. Density and sound-
speed profiles inverted from chirp data has much higher
resolution and agrees better with the core data compared with
the other two methods. In cases of limited penetration, an
additional data set provided by the STRATAFORM Hazards-
95 reflection survey was analyzed. As an example, internal
velocity estimates of a site on the track 1003 between the
Outer-Shelf Wedge and the Mid-Shelf Wedge are shown in
Fig. 29.
Two-dimensional (2-D) images of sound speed and den-
sity structure of the subbottom were also constructed from
the profiles obtained by the chirp sonar inversions. Fig. 30
shows subbottom sound-speed and density inhomogeneities
and corresponding 2-D power spectra of a 75 m30 m vertical
cross section near the WHOI VLA. Calculated sound-speed
and density variances for the same cross section are 7.8
10 and 2.3 10 , respectively.
A complete three-dimensional (3-D) statistical representa-
tion of the bottom inhomogeneities will be made available by
constructing similar images for longer ranges along different
sonar tracks at the experimental site.
C. Moored Acoustics Transmission Results
Both the WHOI and NRL VLA’s functioned well during the
coustic phase, though with some undesired interruptions, as
previously noted. The arrays were navigated with long baseline
transponder nets, a common practice for tomographic applica-
tions in which precision travel-time estimates are needed. Due
to the strong internal wave field, the wander of the transponder
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Fig. 28. Comparison of inverted density and sound-speed profiles from chirp sonar data (39.0594 N, 73.0947 W) with BSMP inversion and PE model
predictions at AMCOR 6010 site (39.0616 N, 73.0983 W).
pulses in time due to scattering was fairly substantial (5
ms), and so we will eventually have to correct this data
using our temperature fluctuation recordings at the moorings
before we can use it for navigation. (This navigation data
is an interesting high-frequency scattering data set by itself!)
However, due to the use of heavy anchors and large subsurface
floats, the moorings were quite “stiff” mechanically, and from
hydrodynamic calculations and phase front measurements, the
array tilts are less than two degrees even in the strongest
flows, and usually less than one degree. Since the arrays were
telemetered, we were able to get both high data rates and GPS
clock accuracy. Moreover, the T-pods on the arrays allowed us
to monitor, to 1-min resolution, what the sound-velocity profile
at each array was, thus enabling us to do a much better job
of “matched mode” filtering. We will now show preliminary
looks at the acoustic data and some first results of our analyses.
1) NRL Vertical Line Array: We first look at the simplest
presentation of the data—a series of snapshots of the replica
correlates versus hydrophone number (or equivalently, depth),
which shows the time and space arrival structure of the
acoustic modes and rays. In Fig. 31, we see the arrival
structure of the 224-Hz signal. The first six panels show 1-
s arrival structure segments each separated by 20 s in time,
followed by a 3-min 20-s gap, and then another six panels each
separated by 20 s in time. One very clearly sees the first two
modes arriving, just barely separated in time, in the first set of
panels. Mode 3 (M3) and higher are hard to see by inspection,
and in fact the acoustic energy arriving after M2 seems to be
rather scattered and diffuse. The first six panels also show a
high degree of similarity in the arrival structures, indicating
that the temporal coherence is at least on the order to 100 s.
After the 3-min gap, the next set of panels show a somewhat
different arrival structure than the first set. M1 has increased
in intensity, whereas M2 has faded somewhat. It is likely that
this is due to the changing interference of the two modes, as
the modes are not fully temporally resolved at that range by
our limited bandwidth at 224 Hz. The observed fluctuations
are likely due to both adiabatic and coupled-mode scattering
effects, with the internal waves being a large contributor.
However, this is still partly conjecture at this point and needs
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Fig. 29. An example of interval velocity estimates from STRATAFORM
Hazards-95 seismic reflection survey of track 1003 (39.092N, 73.0482W).
full verification. What the two sets of six panels do point out
unambiguously is that the temporal coherence is between 2
and 4 min at 224 Hz, as the pattern has shifted during the
3-min 20-s gap. It also points out the need to eventually get
well-sampled data for at least 5-min duration, an option that
was not available to us with the sources we had.
The 400-Hz arrivals are presented in a similar format in
Fig. 32 but this time with a 3-min, 18-s gap between the two
sets of panels. Also, each panel show only 0.64 s of the arrival
time structure. The effects of the higher frequency in shrinking
the modes in the vertical in the water column are easily seen,
as is the effect of the increased bandwidth (100 Hz, as opposed
to 16 for the 224-Hz signal) in shrinking the temporal extent of
each modal arrival. M1 and M2 are again seen at the beginning
of the arrival structure, and even M3 in parts. Past M3, the
later arrivals are again scattered-looking, and last only about
0.2 s before fading into the noise. (There are two interesting
exceptions to this in the panels at 37:32 and 38:13, which show
a longer trail of energy, lasting at least 0.6 s.) One also sees
that, in the first six panels, the arrival structure changes rather
appreciably over 100 s, implying a temporal coherence shorter
than 100 s. The second six panels are quite different from the
first six as well, in agreement with the previous evidence
that the temporal coherence is rather short. However, the
last six panels show very similar structure over 100 s, which
differs from the other observations. This suggests that the
temporal coherence may fluctuate considerably in response to
environmental changes, an issue we are examining.
Another interesting display from the NRL VLA data set is
that of the peak amplitudes measured versus depth and time,
shown in Fig. 33. This figure shows very large jumps in the
peak amplitudes measured in depth and time, again very likely
due to scattering changing the modal interferences. Again the
spatial coherence over the space scales of the low modes and
the temporal fluctuations over the time scales of 1–2 min are
evident.
2) WHOI Vertical Line Array: Our preliminary thrust in
looking at the WHOI VLA data has been to characterize the
travel-time fluctuations, i.e., pulse spread and wander, on a
mode-by-mode basis. To do this, we took arrival structure
time series at the WHOI array, analogous to those shown in
Figs. 31 and 32 for the NRL array, and mode-filtered them.
This operation gives an arrival time structure for each mode,
supposedly uncontaminated by other modes. Our filtering was
quite good for M1–M3, with 10–20-dB rejection of unwanted
modes, so we will report those modes here.
In the absence of distortion by the spatially varying and
temporally fluctuating ocean sound-speed field, modal arrivals
at 400 Hz at the WHOI VLA would look like slightly dispersed
10-ms-wide pulses (to the 3-dB points) arriving22 s after
transmission. However, due to the oceanic variability, a pulse
both spreads (smears out in time) and wanders (changes
its peak position over time without changing shape). The
spreading of the WHOI VLA modal arrivals in time is shown
clearly in Fig. 34(a) and (b). In Fig. 34(a), we show the case
of weak mode coupling/scattering. M1 looks mostly like an
adiabatic arrival (the large peak is seen at the nominal adiabatic
arrival time—we call this a “pseudo-adiabatic” arrival) but
with a “tail” of spreading. The observed spreading is due
to the mode coupling of slower higher modes to M1 (the
fastest mode) by the soliton field. For M2, the main peak
arrives a bit after the expected adiabatic arrival time; more
tellingly, some of the mode two energy arrives earlier than
it normally could, indicating that it traveled partway in M1.
Also, some M2 energy arrives later than the expected adiabatic
travel time, indicating it traveled partway in the higher slower
modes. The M3 history is very similar to the M2 history,
though with the peak arriving a bit before the adiabatic time.
Fig. 34(b) shows the strong mode coupling/scattering case,
again for the first three modes. M1 is now drastically reduced
in amplitude, particularly at the “pseudo-adiabatic” part of the
arrival. However, the “tail” is lengthened. M2 and M3 appear
with only slightly reduced amplitudes and are also spread more
in time due to enhanced coupling to higher slower modes.
The wander of the modal arrivals, as well as their spread,
is seen clearly in Fig. 35, in which we show an approximately
one-week time series of M1 peak positions obtained from
data such as those shown in Fig. 34(a) and (b). Due to
mode coupling, the M1 peak can arrive significantly later
than the pseudo-adiabatic time, particularly during periods of
strong scattering. This produces the pattern shown in Fig. 35
of a generally strong leading edge pseudo-adiabatic arrival
followed by later peaks which show considerable variability.
The leading edge arrival and its wander are of great interest, as
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Fig. 30. 2-D sound-speed and density variabilities and corresponding wavenumber spectra obtained by chirp sonar inversion along track 1003 (39.2051N,
72.8684W). The spectra are normalized by the maximum spectral density.
Fig. 31. 224-Hz arrival time structure versus depth for a dozen different “clock times,” clearly showing M1 and M2 and their temporal variation.
these are the “standard tomographic travel times” one obtains
for M1 and are in theory invertible for ocean temperatures
(and currents, if one does reciprocal transmissions). Though
we do not invert this data for oceanography here, we can show
that the M1 travel-time wander seen in Fig. 35 is mainly due
to the temperature structure near the foot of the shelf-break
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Fig. 32. 400-Hz arrival time series versus depth for a dozen different “clock times.” Modal structure is less clearly seen, but variability is again app rent.
Fig. 33. Maximum amplitude returns versus depth time series over8 h for (a) 224-Hz signal and (b) 400-Hz signal. Variations of up to 30 dB
are noted at certain depths.
front. This is seen by comparing the leading edge arrival to
the curve right below it, which is the result of transforming the
temperature variability measured by thermistor strings along
the propagation path into an equivalent travel-time fluctuation.
(The thermistor results are offset from the acoustic data to
aid visibility.) The thermistors measured along roughly 8 km
near the shelf break front, which is the dominant thermal
feature along the acoustic track. The agreement is generally
quite good, with only two significant discrepancies near days
213.8 and 214.6. These are likely due to advection of thermal
structure inshore along the path (which we did not measure
well with thermistors). There is also a smaller component of
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(a)
(b)
Fig. 34. (a) Incoherently averaged 400-Hz mode arrival structures at the WHOI VLA for M1 (-), M2 (- -), and M3 (. . .). This 62-min average was chosen
as representative of a period with minimal peak position fluctuations. (b) Incoherently averaged 400-Hz mode arrival structures at the WHOI VLA for M1
(-), M2 (- -), and M3 (. . .). This 62-min average was chosen as representative of a period with maximum peak position fluctuations.
M1 travel-time fluctuation induced by the tidal current, which
is shown as the nearly sinusoidal curve at 20 ms. (Again,
this is offset from the M1 leading edge for visual convenience.)
This travel-time fluctuation component was derived directly
from ADCP measurements. The addition of the temperature
and current effects closely mimics the M1 leading edge curve,
which is an indicator that coastal tomography using modes
should have a good chance of succeeding. (Use of the higher
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Fig. 35. Filtered M1 arrival-time distribution for approximately one week of data at the WHOI VLA. The top curve, comprised of dots representing arrival time
peaks, shows the acoustic spread and (leading edge) wander. The curve in the middle shows the prediction of acoustic travel-time fluctuations based onthermi tor
strings near the shelf break front, the dominant thermal feature along the acoustic path. The lowest curve shows the acoustic travel-time effects of the tidal current
signal and is based on direct ADCP measurements. All curves are offset for visual convenience and moreover are not corrected to give absolute travel times.
Fig. 36. Interquartile range statistic representation of the time spread of the acoustic data seen in Fig. 35. The data have been binned to smooth out the n isiness
seen in the spread in Fig. 35. Four different bin widths (time windows) were used, ranging from 1.7 to 4.3 h; no appreciable sensitivity to the bin width is note .
mode arrivals is a bit more problematic, but by no means
impossible!)
The spread seen in the M1 arrivals in Fig. 35 is just as in-
teresting as the wander. While the pseudo-adiabatic wander is
caused by the time variation of the more gently range-varying
oceanography, the spread and its temporal variation are caused
by sharply range-varying oceanography, which in our case
means solitons. Since solitons exhibit a strong M2 tidal nature,
we would also expect the spread of the acoustic signals to do
so. This is slightly evident in Fig. 35, but not overpoweringly
so. However, by binning the Fig. 35 data and using an “in-
terquartile range” statistic as a measure of the temporal spread-
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ing, the M2 tidal nature of the scattering becomes readily
apparent, as is seen in Fig. 36. In this figure, the M2 periodicity
is clearly seen; spectral analysis confirms the eye’s estimate
that M2 dominates. Further data analysis and modeling efforts
by Headrick [45] have shown that the maximum spreading
occurs when the soliton packets are close to the receiver.
D. Air-Gun Results
The R/V Cape Hatteras was on site from July 31 to August
5, equipped with a Bolt air gun, a J-15-3 acoustic source,
a CTD, and an ADCP. The mobility of the Cape Hatteras
permitted transmissions from a wide variety of positions, both
on and off the moored array line. Fig. 37 shows the Cape
Hatteras source positions as measured by differential GPS.
These positions were chosen to transmit through the internal
wave field from different azimuthal directions.
Fig. 38(a) shows the time-domain signatures of fifteen dif-
ferent air-gun signals sent from point A in Fig. 37. It is seen
that these pulses, which were monitored by an F-37 source-
monitoring hydrophone, are highly repeatable and that the
signal-to-noise ratio is quite high. The received waveforms
these produced at the WHOI VLA are seen in Fig. 38(b).
Two distinct normal-mode arrivals are clearly seen (noting
the mid-column pressure null around 350 ms at 45-m depth),
and perhaps a third mode as well. The ship position and exact
time from the shipboard differential GPS unit were recorded
for every trigger of the air gun in order to accurately determine
range and to match the transmitted and received signals. While
on site, the R/V Cape Hatteras generated in excess of 5000 air-
gun shots, transmitted from within a 30-km radius of the two
operational VLA’s.
For a representative air-gun time series [Fig. 39(a)], the
corresponding spectrum is shown in Fig. 39(b). The center fre-
quency is about 75 Hz with a bandwidth of about 20 Hz. Note
that the bubble pulse energy is persistent at higher frequencies.
In Fig. 39(c), the signal received at the WHOI VLA is shown,
with the first and second modes again clearly evident. Fig. 40
is the transmission loss (TL) versus frequency obtained from
the 15 shots shown in Fig. 38(a), along with the standard
deviation. The patterns of transmission loss seen in Fig. 40
are attributed to the interferences of the different propagating
modes; such patterns have been analytically related to the
modal group velocities in previous work [45].
IV. FUTURE DIRECTIONS FORRESEARCH
Though it may seem from this longish paper that much has
been done, what we have presented here represents mainly
our first-year analysis efforts, and much remains to be done!
We will try to indicate some of our major future directions in
each of the main experimental areas treated in this paper in
the following discussion.
A. Oceanography
The hydrographic sections from the experiment have been
constructed, by and large, in our first year’s efforts, and are
being used for propagation modeling. However, there are still
a few interesting oceanographic items to treat in the CTD
hydrography data. The main one is the “fine structure” that our
Fig. 37. Geometry for air-gun shot transmissions during the SWARM ex-
periment.
tow-yo runs saw, especially near the front. There is not a great
deal of such high-horizontal-resolution data available, and the
structure it revealed could be quite important, particularly as
one goes to higher acoustic frequencies.
Tidal studies will center around the hypothesized “solibore
internal tide.” We will use ADCP and other records to try to
further quantify this phenomenon as best we can, in the interest
of perhaps modeling it for both oceanographic and acoustics
purposes in the future. The model by Apel presented in this
paper is one such step in that direction.
The T-string analyses will center on quantifying the internal
wave energy and the energy flux due to internal waves, both
linear and nonlinear. ADCP data will also be useful for that
purpose.
The ADCP data will continue to be analyzed to understand
the generation, propagation, and (perhaps) the dissipation of
the internal waves at the SWARM site. The spectral description
of the field will also be of great interest, especially as regards
linear versus nonlinear wave, modal spectra of the internal
waves, and departures from GM [3] behavior.
B. Bottom Structure
Our prime data set for studying bottom structure is the
chirp sonar record. Inversions of this data for both bottom
volume properties and interface roughnesses, and synthesis
of these results with other experimental efforts in the area
(STRATAFORM, AMCOR), will proceed during the next few
years. We have also taken some 50- and 140-Hz CW tow data
near the WHOI VLA which will be used for so-called “Hankel
transform inverse” estimates of bottom geoacoustic properties
[46], [47]. It will be interesting to compare these inverses with
he chirp sonar and STRATAFORM results.
It should be noted that the depth conjugate to the near-
surface mixed layer is 3 m into the sediment in the soft-
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(a)
(b)
Fig. 38. (a) Air-gun source signature for 15 overlaid shots measured between 11:20:08 and 11:29:29 on August 2, 1995. The shots were made at 40-s
time intervals. (b) An example of a received air-gun signal at the WHOI VLA.
sediment Outer Wedge regime, so we anticipate that the bottom
inhomogeneities will play a significant role in explaining the
propagation phenomenology. We plan to model 1) bottom-
only and 2) combined bottom/internal wave contributions to
modal scattering and compare these to internal-wave-only
effects.
C. Moored Acoustics
Measuring the amplitude and phase (or equivalently, the
intensity and travel-time) fluctuations of the acoustic field
versus frequency, range, and oceanographic condition was one
f the major goals of the SWARM experiment. This effort has
come along reasonably well, with the analyzed data showing
very clearly many of the effects we had hoped to observe. In
finishing the data analysis, with the modeling effort, we will
be keeping the following goals in mind: 1) testing Creamer’s
predictions that the scintillation index increases with range
and that the intensity distribution function becomes strongly
dependent on mode order; 2) identifying whether or not the
internal waves are the origin of the fast temporal fluctuations
we have seen; 3) quantifying the intermodal phase modulations
by internal waves and relating these to the degradation of
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Fig. 39. (a) Amplitude versus time signature of an air-gun source. (b) Power spectrum of the source. (c) The received source signature at 16 WHOI
VLA hydrophones.
Fig. 40. Mean TL and one standard deviation versus frequency for 15
processed shots.
matched field processor performance; and 4) quantifying the
changes in mode shape accompanying interaction of single-
mode fields with internal waves. There are other goals as
well—space forbids our discussing all of them.
We also towed a J-15-3 acoustic projector along our track,
at times crossing the shelf break front into the slope waters.
This cross-front propagation data will be interesting in its
own right. In addition, the R/V Cape Hatteras J-15-3 tows
provided us with propagation loss versus range data along
paths perpendicular to the moored track, a good complement
to our mostly cross-shelf data.
D. Air Gun
Several topics are going to be examined in the future
analyses of these data. The TL versus frequency will be
examined and related to the environmental conditions under
which the broad-band transmission took place. This effort
will exploit modal analysis to assess the dispersive acoustic
field in the presence of oceanic variabilities. In addition,
the anisotropy of the acoustic field will be assessed by
examining the same source signal received at two VLA’s
separated azimuthally for different ranges. Acoustic modeling
of the broad-band propagation and oceanographic modeling
of the internal waves will be conducted in light of the
anisotropy evidenced in the field data.
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